The aim of this study was to clarify the influence of shear modulus on the analytical accuracy in peri-implant jaw bone simulation. A 3D finite element (FE) model was prepared based on micro-CT data obtained from images of a jawbone containing implants. A precise model that closely reproduced the trabecular architecture, and equivalent models that gave shear modulus values taking the trabecular architecture into account, were prepared. Displacement norms during loading were calculated, and the displacement error was evaluated. The model that gave shear modulus values taking the trabecular architecture into account showed an analytical error of around 10-20% in the cancellous bone region, while in the model that used incorrect shear modulus, the analytical error exceeded 40% in certain regions. The shear modulus should be evaluated precisely in addition to the Young modulus when considering the mechanics of peri-implant trabecular bone structure.
INTRODUCTION
Long-term use of dental implants is associated with an increase in complications attributable to the loads to which the implant is subjected 1, 2) . When the load via the implant exceeds a certain level, complications such as peri-implant bone resorption, screw loosening, or implant fracture may occur 3, 4) . It is necessary to predict the supporting capacity of the jaw and the stress on the peri-implant area in order to avoid overloading, and biomechanical studies of dental implants have been carried out with this objective [5] [6] [7] . In particular, analyses using the three-dimensional (3D) finite element (FE) approach are commonly used in recent years because they are non-invasive and permit evaluation of stress under a range of conditions 8, 9) . However, in the simulation models used in previous studies, cancellous bone structure was simplified as a block, and analytic errors in the region of cancellous bone in particular have been identified 10) . We, therefore, carried out a stress analysis using an FE model that closely resembled the structure of cancellous bone (which was named the 'precise model' by Stegaroiu) , and reported the biomechanical role played by peri-implant cancellous bone 11, 12) . At the same time, our findings suggested that a detailed investigation of the mechanical properties of cancellous bone regions is needed when carrying out stress evaluation of periimplant jaw bone, and that shear properties may be an important factor for consideration. So far, however, few investigations on the shear modulus in an FE model have been reported. The purpose of this study was to clarify the importance of shear modulus in numerical simulation of peri-implant jaw bones.
MATERIALS AND METHODS

Specimen
This study was approved by the Human Research Ethics Committee of our dental school (No. 331). The mandibular specimen containing implants was obtained from the cadaver of an 82-year-old man. Two screw-type implants of 4.1-mm diameter and 20-mm length, placed in the right first and second premolar sites, had been in use for 15 years prior to death.
Micro-CT imaging
The mandible was imaged using a micro-CT system (HMX-225 Actis4, Tesco, Tokyo, Japan) under the following conditions: tube voltage=120 kV, tube current=200 µA and slice width=50 µm. The micro-CT had an imaging intensifier of 4 inches in size and a 1-inch 16-bit charge-coupled device (CCD) camera with 1,024×1,024 scanning lines. The camera generated 1,200 raw data images, and the raw data were used to prepare 2D slice data by the back projection method. The area imaged extended vertically from the upper part of the fixture, excluding the abutment, to the inferior margin of the mandible, and from the right first premolar region to the second premolar region.
Finite element model
The area analyzed was set as the CT imaging range. First, noise was removed from the micro-CT images, which were then binarized using a threshold value obtained by discriminant analysis. After labeling, a detailed model was prepared by automatic conversion to eight-node, hexahedral elements of 100 µm×100 µm×100 µm ( 1). This is referred to as a precise model in this paper. We confirmed that the mesh dependency on the accuracy is negligible by comparison with a precise model using finer elements of 50 µm×50 µm×50 µm 12) . The mechanical properties of the cancellous bone can be represented by an equivalent material model as shown in Fig. 1(b) and Fig. 2 . The importance of the shear modulus can be studied by giving correct and incorrect equivalent models. The homogenization method was adopted to predict accurate and reliable equivalent models as described in the next section.
Peri-implant cancellous bone was then extracted and modeled as a homogeneous material. Since the bone volume fraction was distributed considerably 12) , the cancellous bone region could not be replaced by one homogeneous block. Therefore, two simplified FE models were prepared, one with the homogenized areas of cancellous bone divided into three regions, and the other similarly divided into six regions (Figs. 1, 2). Although the number of subdivisions influences the numerical results, our purpose was not to give the necessary number of subdivisions, but to compare the accuracy of the simplified model using correct and incorrect homogeneous material with that of the precise model.
In the precise FE model, the number of elements was 2,599,107 and the number of nodes was 3,068,191, while in the simplified FE models, the number of elements was 3,168,790 and the number of nodes was 3,420,382. For the boundary between the mandible and implants, contact areas were considered connected. The coordinate system x-y-z in Figs. 1 and 2 are defined to explain the homogeneous properties later.
Component materials
The precise model consisted of bone and implants, both of which are defined as linear, isotropic materials. The Young modulus and Poisson ratio of bone were set at 15 GPa and 0.30, respectively; and those of implants were set at 110 GPa and 0.35, respectively 13, 14) . In the simplified FE models, the reliable and accurate equivalent material properties for cancellous bone were calculated by the homogenization method, which is theoretically rigorous and has been validated in the field of engineering through comparisons with experimental measurements for porous ceramics and porous metals by one of the authors 15, 16) . The homogenization method was then applied to the cancellous bone of this specimen in our previous study 12) , and the exponential function of the equivalent material properties with respect to the bone volume fraction ρ were obtained as shown in Fig. 3 for Young modulus (a), shear modulus (b) and Poisson ratio (c). The equivalent properties were calculated taking the trabecular architecture into account with the same input properties of bone as the precise model, i.e., 15 GPa Young modulus and 0.3 Poisson ratio. The homogenization method is capable of calculating anisotropic or orthotropic characteristics as plotted in Fig. 3 , where the coordinate system x-y-z is defined in Figs. 1 and 2. The calculated results were approximated by exponential functions individually for Young modulus, shear modulus and Poisson ratio. Thus, the simplified model is not isotropic, and is expressed in the orthotropic framework. These exponential functions hold under the condition of 17.8≤ρ ≤83.4 (%). For the incorrect equivalent model, a linear rule-of-mixtures was applied. Since the shear modulus of bone in the above-mentioned isotropic material model is 5.77 GPa, that of cancellous Incorrect linear approximation bone is simply approximated by 5.77 ρ/100. Obviously, this incorrect model gives higher shear stiffness than the exponential function. Note that Young modulus and Poisson ratio use exponential function, whilst only shear modulus is incorrect. Three models were devised as follows: model A, a simplified FE model in which the cancellous bone was divided into six regions and shear modulus was determined taking the trabecular architecture into account; model B, in which the cancellous bone is divided into three regions and shear modulus was determined taking the trabecular architecture into account; and model C, in which the cancellous bone was divided into three regions and shear modulus was incorrect (Table  1) . In all models A-C, the same bone properties, i.e., 15 GPa Young modulus and 0.3 Poisson ratio, were used for the cortical bone.
Boundary conditions
Nodal point displacement and stress state during loadbearing were analyzed by the 3D finite element method (Voxelcon, Quint, Tokyo, Japan). As for constraint conditions, the mesiodistal plane of the mandibular body was completely constrained (Fig. 4(a) ).
In the homogeneous model, the cancellous bone region was replaced by a homogeneous material that is not porous. The above constraint conditions were modeled as completely fixed planes (Fig. 4(b) ). The difference in the constraint condition was incorporated into the homogeneous material model when the homogenization method was used. In other words, the difference in the constraint condition had no influence on the response.
Since linear elastic analyses were carried out, unit pressure (1 MPa-stress) was uniformly applied (Neumann problem) to the top surface of the implants at an angle of 90 degree to the occlusal plane. If prescribed displacement is applied (Dirichlet problem) in the same way as in our previous paper 11, 12) , the implants are only compressed without bending and only stress can be evaluated. In contrast, in the Neumann problem, the displacement must be evaluated. Therefore, in this paper, the implants were supposed to be bending due to the distribution of bone volume fraction in the cancellous bone region. Hence, the deformation of the implants was evaluated first. Then, the strain and stress, which are derived by the derivative of the displacements, are based on the accuracy of the displacements. That is, the accuracy of the homogeneous model and the effect of shear modulus can be evaluated based on the deformation of two implants.
Evaluation method
To investigate the deformation of two implants, the displacement was measured at a total of 24 measurement points: 10 points on the upper surface of the two implants (implant 1 in the second premolar site, implant 2 in the first premolar site), and four points in each of the upper, middle, and lower parts of the peri-implant cancellous bone (Fig. 5) . The displacement norms of all points were measured, and using the precise FE model as basis, the averaged displacement error of each model was calculated as percentage.
Next, stress was evaluated in the same way as Stegaroiu 10) using a von Mises equivalent stress distribution map (DoctorBQ, Cybernet Systems & Quint, Tokyo, Japan). Both models were compared using a same standard color condition.
RESULTS
Accuracy of implant deformation
The displacement norms for each of the simplified FE models derived are shown in Tables 2-4 with the precise FE model as a basis, and the displacement errors calculated with respect to the precise FE model are shown in Table 5 . In Table 2 , the displacement of the upper surface of the implants was a good match in model B and was a particularly good match in model A. The analytical error in model C was over 10%. The difference of displacements at 5 points on the upper surface of each implant means that the top surfaces are not flat after deformation and both implants undergo bending. Compared to the displacement at the center point c of implant 1, the displacement at point a is smaller and that at point e is larger in all models. For implant 2, the displacements at points a and d are smaller, whilst the displacements at points b and e are larger in all models.
Displacement within the cancellous bone area showed increasing analytical errors, moving from top to bottom. While the analytical error in the area of cancellous bone was around 10-20% in model A and model B, there were areas in which it exceeded 40% in model C.
On comparison of models A and B, the error in model B was larger than model A, especially in the cancellous bone region. This is due to the lack of a number of subdivisions in model B. On comparison of models B and C, the error increased remarkably due to an incorrect homogeneous material model for shear properties.
Stress distribution
The stress distribution in a buccolingual cross-section through the center of implant 1 for the precise FE model and simplified FE model A with 6 subdivisions in the cancellous bone region is shown in Fig. 6 . The areas of zero stress that were originally holes were filled in with equivalent material and calculated as mean values. Therefore, stress values in the cancellous bone area in the simplified FE models tended to be lower than those in the precise FE model. This indicates that the comparison of stress in the cancellous bone area is not straightforward. This was one of the reasons why unit pressure was applied and deformation was evaluated in this study. On the contrary, stress in the cortical bone area is worth evaluating. It can be noted from analysis of the cortical bone areas that in the precise FE model, some of the load applied to the upper surface of the implants was transmitted to the cortical bone via the cancellous bone (Fig. 7) . However, the way the load was transmitted in the simplified FE models differed greatly from the precise FE model, and there were a number of 
DISCUSSION
By quantitative observation of the deformation of two implants, the top part of the implants was found to be subjected to complex deformation mode. The gripping of implants by the cortical bone is most influential on the results. However, the difference of the cancellous bone modeling resulted in different displacements at the top surface of the implants. To this end, it was found that accuracy is dependent on the cancellous bone modeling as well as the effect of holding of implant neck region by the cortical bone. The differences in displacements between outer points and a center point on the top surface were larger for implant 1 than implant 2. In other words, implant 1 showed larger bending deformation than implant 2. This can be explained by the lower bone volume fraction around implant 1 in the cancellous bone region, as shown in Fig. 2 . The model A could represent the distribution of bone volume fraction around implant 1 better than model B, which led to smaller error in the displacements of implant 1 everywhere as shown in Table 5 . Again, it should be noted that the cancellous bone is indispensable to the mechanical support of implants. The main finding in this paper is seen in the comparison between models B and C. Only the modeling of shear modulus is different between the two models. The incorrect shear modulus led to a very large error.
A previous report indicated that the mechanical properties of cancellous bone do not have a major impact on analysis results 17) . However, our present findings confirmed that the trabecular architecture functions to inhibit deformation of the implant and support the load, so that numerical simulations of the precise FE model and the simplified FE models yield very different results. Here, we clearly demonstrated that both the Young modulus and the shear modulus are important parameters in relation to the rigidity, i.e. resistance to deformation, in areas of cancellous bone. In other words, it can be assumed that even if the Young modulus is adequately modeled in a numerical simulation, the simulation will lack reliability if the shear modulus is simply assigned a value for convenience without proper basis. However, the shear modulus is not easy to predict. In comparison with the Young modulus which can be determined by a compression test, many factors need to be taken into account for shear testing, such as slippage in the region of the chuck [18] [19] [20] . In addition, there are three shear moduli if the bone is orthotropic, making it difficult to obtain values experimentally from a single specimen without damaging or destroying it. In the numerical simulation carried out using the homogenization method in the present study, however, the Young modulus, shear modulus, and Poisson ratio can all be determined easily at the same time 21, 22) , which has been verified 15) . The trabecular architecture of the model used in the present study was nearly isotropic, but not all trabecular architectures are necessarily isotropic. We previously analyzed the maxillary bone of beagle, and found that the values of the mechanical properties in the buccolingual direction were lower than those in the mesiodistal and crown-root directions 11) . Where the trabecular architecture is anisotropic, the shear modulus cannot be determined from the Young modulus and Poisson ratio, unlike the case for isotropic materials. In this paper, the shear modulus was also determined independently from Young modulus and Poisson ratio in model A and B. If a constant Poisson ratio was employed, we would have overestimated the shear modulus. When the shear modulus was accurately predicted by numerical simulation using the homogenization method and modeling was carried out by replacing areas of cancellous bone with equivalent homogeneous material, it was possible to predict the implant deformation with an error of around 10%. In contrast, incorrect and overestimated shear modulus resulted in smaller deformation of the implants with very large error over 40%. Therefore, it is possible that the analytical error will be extremely large with finite element analyses that reflect only Young modulus distribution based on CT values. This implies that the shear modulus of periimplant cancellous bone in particular must be evaluated precisely in any future analysis based on CT values.
If we assume that the trabecular architecture is reconstructed to adapt to the shear load from the implant, then the cancellous bone in an edentulous jaw with no implants in place may have a different microscopic structure. Normal bone trabeculae connect cortical bone to cortical bone, and are believed to inhibit bone deformations of the cortical bone. However, when an implant is put in place the trabeculae connect the implant to cortical bone, and there is a change in the modality of the deformation that is to be inhibited. In other words, it appears that the shape changes to one in which the main biomechanical role is to resist shear deformation.
The load transfer path from the implant to the trabeculae and the load-bearing characteristics of the trabecular architecture, which have been indicated in prior studies, suggest that the shear properties of the trabecular architecture are important 12) . This prediction is supported by the results of the present study through observation of implant deformation.
However, when evaluating stress, a finite element analysis model that ignores the trabecular architecture and represents it with equivalent homogeneous material will be completely unable to represent the load transfer path that transfers load from the implant to the cortical bone via the trabeculae as shown in Fig. 7 . Moreover, modeling cancellous bone as an equivalent homogeneous material led to error in the stress values of the cortical bone in the upper half of the mandible. This may be because the reliability of the stress values in the cortical bone is lessened by the inability of the model to represent the pattern of load transfer carried out by the trabecular architecture. The number of subdivisions in the cancellous bone region employed in this report is not sufficient, and is not emphasized. The results implied finer subdivisions might have increased the accuracy. Even if a finite element-wise assignment of appropriate equivalent material model is adopted, the accuracy is strongly dependent on finite element mesh and it is impossible to derive a generalized modeling rule. For this reason, it is desirable to carry out a numerical simulation that closely represents the trabecular architecture even when performing quantitative evaluation of cortical bone.
CONCLUSION
The macroscopic shear modulus of peri-implant trabeculae has a large effect on deformation of the jaw bone. When the shear modulus was accurately predicted by numerical simulation using the homogenization method and modeling was carried out by replacing areas of cancellous bone with equivalent homogenous material, it was possible to predict jaw bone deformation with an error of around 10%. Increasing the number of region divisions of the homogenized model may increase the accuracy. On the other hand, the error exceeded 40% when incorrect shear modulus was assigned as a homogeneous material model. From the above analysis, we conclude that correct evaluation of not only the Young modulus but also the shear modulus is essential when considering the biomechanics of peri-implant trabecular architecture.
